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A method for treating polluted material such as industrial waste water or polluted water from other sources, sewage 
or sewage sludge or other forms of sludge, or polluted soil, to degrade oxidizable substances therein, comprising subjecting 
the polluted material to a wet oxidation process in a reactor so as to decompose and/or modify oxidizable substances 
therein and optionally improve the filterability of solids when present in the material; the material may optionally be pre- 
treatcd so as to facilitate the wet oxidation process. Solid polluted material is preferably in the form of a liquid suspension, 
such as an aqueous suspension, when subjected to wet oxidation. The wet oxidation process is performed to such an ex- 
tent, optionally with subsequent substantial removal of heavy metals, that the decomposed and/or modiHed substances re- 
maining after the wet oxidation and the optional removal of heavy metals are substantially biodegradable. ^ 
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A METHOD FOR TREATING POLLUTED MATERIAL 

The present invention relates to a method for degrading or 
decomposing undesirable oxidizable materials contained, in various 
waste materials such as industrial or domestic waste-water, sewage or 
polluted soil, 

5 In the modem industrialized world, increasing amounts of wastes have 
to be disposed of. Conventionally, wastes are disposed of either by 
depositing or dispersing them in suitable places in the environment, 
such as in dumps or land- fills or in the' sea. or by decomposing or 
^ degrading them by chemical, microbiological or mechanical means, or 
10 by simple combustion. 

Until quite recently, the disposal of certain types of wastes was 
often carried out in a rather careless manner, often by merely 
depositing the waste more or less directly in the soil, or by burning 
the waste leading to emission of undesirable materials into the 
15 environment. Other forms of waste materials, such as industrial or 
domestic waste water, were often led directly into rivers, streams, 
lakes, or the sea. The consequences of these lax. methods of waste 
disposal are now becoming increasingly apparent. 

' Among the most serious acute -problems are the leaching of toxic or 
20 otherwise undesirable substances into the environment from soil in 

which they have been deposited,, leading to pollution of ground water 
and/or other sources of drinking water. Great efforts are now being 
made to stop the leaching of toxic matter from waste material 
deposited in soil, and in many cases it has been found necessary to 
25 dig up and isolate the polluted soil in order to remove the 
undesirable substances. 

Methods which have been used to treat such soil include extraction, 
thermal processes, chemical treatment, microbiological treatment, 
stabilization and encapsulation: 

30 The extraction process employs water to which various chemicals, such 
as acids or bases, may be added. The use of extraction processes 
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permits only partial removal of heavy metals, cyanides, hydrocarbons 
and chlorinajted hydrocarbons . 

Thermal processes for the treatment of polluteJi jsoil entail e.g. 
counter current treatment with steam, after which the contaminated 
5 steam must be condensed and treated. Heating polluted soil to 500- 
600* C leads to evaporation of volatile pollutants, and the resulting 
gas -air mixture is then btxmed at ca, 1400*C or otherwise treated. In 
total combustion processes the combustion takes place at ca. 1200 
and the exhaust gases must then be treated. The tise of all these 
10 procedures normally leads to satisfactory destruction of all organic 
matter. However, this purification process is extremely energy- 
consuming and therefore very expensive to carry out. One disadvantage 
is that most of the heavy metals are not removed. 

Chemical treatment entails the addition of chemicals which react with 
15 the pollutants in question, whereby these are destroyed or modified. 
A significant disadvantage of this method is that the soil is brought 
into contact with potentially dangerous sxibstances which themselves 
have to be removed after treatment. Detailed knowledge of the 
concentration of pollutants is also required. 

20 Microbiological degradation of organic material is a process which, is 
well-known in the field of waste-water purification, e.g. in 
municipal purification plants where microorganisms, in the form of 
biofilm or active sludge, degrade organic material in a cheap and 
effective manner. In microbiological soil treatment, microorganisms 

25 and nutrients are added to the soil and degradation takes place by 
aerating the soil by mechanical cultivation, or in a process 
resembling compost formation. One of the disadvantages of this 
process is the wide variation of biodegradability of different 
compounds. The introduction of soil containing toxic substances can 

30 lead to the death of microorganims or, at best, very low degradation 
grades . 

Stabilization and encapsulation processes are not purification 
processes as such and will not be discussed fxirther. 
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The presence of undesirable substances in industrial or domestic 
waste-water, sewage and sludge is also a problem, and a variety of 
different methods for treating these types of waste have been 
employed including subjecting the waste to chemical or 
5 microbiological degradation. A method for the chemical degradation of 
undesirable substances in waste which has been widely employed 
involves subjecting the waste to a wet oxidation treatment under 
conditions of high temperature and pressure. By this treatment, 
combustible organic materials may be oxidized by flameless 
10 combustion. 

In US 3,714,911 "Alkaline Pulping Black Liquor" is treated under 
oxidizing conditions. In GB 1,435,105 sludge from a purification 
plant is treated under oxidizing conditions in a reactor which is 
divided into chambers. In GB 1,411,047 liquid or solid inflammable 

15 material which caniiot be mixed or dissolved in water is treated in 
one or more tank reactors xmder oxidizing conditions. US 4,229,296 
discloses a one-step or multi-step reactor with phase separation, and 
GB 1,421,475 discloses a process relating to the treatment of aqueous 
waste containing dissolved organic material under oxidizing 

20 conditions. In US 4,089,737 cellulose- containing material is de- 

lignif ied in aqueous medium under oxidizing conditions. GB 1,473,438 
describes a tank reactor for combustion under oxidizing conditions', 
which reactor is divided into chambers. 

In most cases, the organic material to be oxidized is dissolved or 
25 dispersed in a liquid which is then sutbjected to the oxidation 

treatment, or the organic material is in itself in a liquid form. The 
oxidation is an exothermic reaction ^^nd energy may be recovered from 
the destruction of waste materials consisting of combustible 
materials. An example of energy recovery in connection with wet 
30 oxidation of sewage and other waste materials is given by F.J. 

Zimmermann in GB 706,686 and GB 812,832. wherein the wet oxidation is 
carried out in a vertical tower reactor. 

Wet oxidation reactions known in the art are to a great extent 
performed in reactors which are arranged in vertically extending deep 
35 wells or in reaction chambers arranged at the bottom of such wells. 



WO88/06144 PCr/DK88/00024 

• . 4 

In these reaction systems, the high pressure needed for the reaction 
to proceed is built Tip as the -liquid descends in the well. Examples 
of such deep well wet oxidation systems are given by Fassel et al. in 
US patent No. 3,852,192 and US patent No, 3,920,548, W.J. Bailer in 
5 US Patent No. 3,449,247, J. A. Titmas in US Patent No, 3,853,759, H.L. 
Lawless in US Patent No. 3,606,999 and G.C. Rappe in US Patent No. 
4,671,351, which mainly use the system for wet oxidation and th\is 
destruction of municipal and/or industrial sludge or sewage. Examples 
of deep-well ox;idation systems in which aqueous dispersions of 
10 charcoal or tar sand containing minor amounts of combustible 

materials have been treated mainly with the purpose of obtaining 
energy from these materials which energy it is not otherwise 
economically feasible to exploit, are e.g. given by Bose et al. in US 
4,473,459. 

15 Another problem which has been recognized in connection with t^ie 
decomposition treatment of wet ty^e^ wastes, such as sewage and 
sludge , is the difficulty associated with the filtration or other 
types of liqxxid/solid separation of these wastes. Thus, in ordinary 
sludge -treating plants, such as e.g. biological purification plants, 

20 the filtration step in the purification treatment is highly 

problemetical ; the material to be filtered quickly blocks the pores 
of the filter resulting^ in a very slow, if any, filtration. 



Many prior art wet oxidation methods focus on substantially total 
oxidation of organic wastes in order to obtain the highest possible 
25 degradation of these, preferably eventually resulting in water and 
low molecular weigiht organic compounds, such as carbon dioxide, and 
water. 



According to the invention, polluting oxidizable material which does 
not solely comprise harmless high molecular weight organic compounds, 
30 but also highly toxic materials, may be decomposed to harmless 

material by being subjected to a wet oxidation treatment, optionally 
in combination with removal of heavy metals and/or a biodegradation 
process. 
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Thus, the present invention relates to a method for decomposing 
polluting oxidizable material from a polluted material such as 
industrial waste water or polluted water from other sources, sewage 
or sewage sludge or other forms of sludge, or polluted soil, 
5 comprising subjecting the polluted material to a wet oxidation 
process in a reactor so as to decompose and/or modify oxidizable 
substances therein and optionally improve the f ilterability of solids 
when present in the material, the material optionally being 
pretreated so as to facilitate the wet oxidation process, the wet 

10 oxidation process being performed to such. an extent, optionally with 
subsequent stibstantial removal of heavy metals, that the decomposed 
and/or modified substances remaining after the wet oxidation and the 
optional removal of heavy metals are substantially biodegradable, if 
necessary separating the material into a solid and a liquid phase, 

15 and optionally subjecting the material or the liquid phase to a 
biode gradation process. 

^ The term "polluted material" as used herein is used as a common 

designation for materials containing organic or inorganic substances, 
which are present or formed in an environment as a consequence of the 

20 presence and/or activity of human beings, including industrial 

activity in its widest sense, which, e.g., comprises domestic and 
industrial activity, agrict£Lture, forestry and fishing industry, and 
which it is desired to remove from the environment with the main 
purpose of maintaining and/or improving the environment. Typically, 

25 the polluted material is of a type which is formed constantly or 
seasonally and which conventionally is considered to be a waste 
material, e.g. ind\is trial waste water such as waste water from 
pharmaceutical and food indxistries, e.g. slaughterhouses or dairy 
industries, municipal or industrial sludge, sewage or sewage sludge, 

30 but also material which has been subjected to a sudden pollution, 

e.g. sudden releases of toxic matter into the environment, examples 
of which are sea water which has been polluted with oil or chemicals 
released from ships or boats or from containers which have been 
deposited in the sea or sudden industrial leaks to the environment, 

35 is to be understood to be a polluted material. 
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The term "oxidizable substances" as used in the present context 
refers to any substances which may be decomposed and/or modified by 
oxidation. In most cases, the oxidizable substances are of a type 
generally considered to be polluting, such as toxic or otherwise 
5 harmful stibstances, e.g. of the types discussed bereih. Substances 
which in other relations are considered to be harmless or even 
useful, but which are not desired to be present in the material in 
question are, however, also to be understood within the definition of 
the term. Oxidizable substances such as oil and/or chemicals which 

10 are present in soil are, however, especially interesting in the 

present context, as no economical arid easily practicable method for 
the removal of such substances from soil, has been known prior to the 
present invention* Many types of chemical and/or oil pollution of 
soil are or are contemplated to be removable by use of the present 

15 method. Thus, chemicals such as inorganic and/or organic cyanides, 
aliphatic hydrocarbons, aromatic hydrocarbons and halogenated 
aromatic hydrocarbons containing non-halogene functional groups, 
chlorinated aliphatic hydrocarbons and compounds containing sulphur 
(hydrogen sulphide, thiocyanates , mer cap tans, etc.) may be 

20 decomposed to harmless substances such as low molecular weight 
organic molecules, e.g. carbon dioxide and acetic acid. 

It is believed to be a novel and very important concept to subject 
polluted soil itself, rather than an extract or percolate therefrom, 
to wet oxidation and preferably sxibsequent biological degradation. 

25 Without being limited to at^ theory, it is believed that the 

oxidizable sxibstances are absorbed on or distributed between the soil 
particles which thereby serve as a carrier for the polluting 
material, and that, therefore, the treatment of the polluted soil 
itself by the method of the invention is the most effective and 

30 economical way of purifying polluted soil. The amount of oxidizable 
substances carried by a specific soil deposit may accordingly depend 
on the nature of the soil, e.g. the porosity, size or reactivi^ of 
the soil particles, as well as on the nature of the substance. In 
this context, it is typically observed that soil containing large 

35 amounts of clay and/or organic matter, such as humus, contains larger 
amounts of polluting substances than soil containing large amounts of 
rock and/or gravel material. 
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The term "soil" as used herein refers to deposits which comprise the 
upper layer of earth on which plants grow and which consists of 
minerals, disintegrated rock, usually in admixture with various 
organic remains as well as lower lying earth layers, such as 
5 unconsolidated rocks, e.g. sand, till and clay. Thus, soil belonging 
to the ABC horizons of soil profiles, which in accordance with 
conventionally used terminology in the art refer to the upper earth 
layers, i.e. the upper soil and sub soil layers, are to be understood 
to be within the scope of the term -soil". In the present context, 
.10 the term "soil" also embraces the ground or areas surrounding 

industrial plants. The ground, i.e. the treadable area on which the 
transportation of people and/or industrial objects takes place, may 
to a great extent be constituted by sand, gravel, coke, dust, cement 
and other inorganic material which has been subjected to pollution. 

15 Thus, soil collected from refuse dumps or tips, as well as soil 

recovered from various types of Industrial, municipal or domestic 
plants or locations, which may be mixed with a variety of inorganic 
and/or organic non-soil components, e.g. plant remains or various 
wastes, is in the present context termed soil. 

20 The type of modification of oxidizable substances which may be 

obtained by the wet oxidation process comprises various chemical 
modifications such as formation of carboxylic or corresponding groups 
on some of the substances in the polluted material. 



25 



30 



The wet oxidation of the polluted material may be carried out in any 
convenient manner, and various types of vessels or reactors, e.g. 
loop, tube or batch reactors, have been found to be useful in this 
regard.. One type of reactor which the present inventors have found 
to be very useful for carrying out the wet oxidation treatment is a 
substantially horizontally arranged reactor. In contrast to many of 
the known wet oxidation methods, most of which are carried out in 
vertically and often subterraneanly arranged reactors, the present 
inventors have foxind that the substantially horizontally arranged 
reactor provides very satisfactory and controllable oxidation 
conditions which result in the desired degree of decomposition and/or 
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modification of the oxidizable substances. The optimal oxidation 
conditions will depend on the type of material to be treated as well 
as the nature of the polluting material, and will be more 
specifically discussed in the following. 

5 Suitably, the substantially horizontally arranged reactor comprises a 
tube or a number of interconnected tubes, and is preferably a plug 
flow tubular reactor. The term "plug flow tubular reactor" as used 
herein referts to a tubxilar flow reactor through which the material 
to be treated is continuosly pumped. The flow of the material 
10 approaches, and is nearly identical to, ideal plug flow, which is 

defined as an orderly flow wherein no element of the material to be 
treated is mixed with any other element located ahead of or behind 
the element in question. Thus, there is no mixing or diffusion along 
the flow path, the result of which is tliat the passage time in the 
15 reactor of all the individual elements will be identical. To some 

extent there may be lateral mixing of the material to be treated in 
the plug flow tubular reactor owing to the vigoro\is flow conditions 
existing in the reactor. The plug flow tubular reactor is also known 
as a plug flow reactor, a slug flow reactor, a piston flow reactor, a 

20 tubular reactor, a pipe reactor and an uxmiixed ^flow reactor. 

Preferably, the polluted material is in- the form of a liquid 
suspension, such as an aqueous suspension, when sxibjected to wet 
oxidation. Polluted materials of a wet type, e.g. of the types 
discussed above, e.g. sewage or sludge, are in most cases inherently,. 

25 . or subsequent to stirring, in the form of a suspension, whereas 

polluted material of the solid type| e.g. soil, is sxispended in a 
liquid such as water before being subjected to wet oxidation. In some 
cases, it may, however, be advantageous to further suspend the wet 
type materials to be treated, i.e. to dilute these materials by 

30 adding a liquid such as water, before subjecting the materials to 
wet oxidation. This will be. disciissed in detail below. 

The concentration of solids in the liquid suspension to be subjected 
to wet oxidation may vary within wide limits and will, among other 
things, depend on the nature of the polluted material and the 
35 oxidizable substances to be treated and to what extent the wet 
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oxidation is to proceed, i.e. the desired degree of decomposition 
and/or modification of the oxidizable substances, as well on the type 
of reactor and oxidation conditions employed. Generally, the 
concentration of solids in the suspension to be treated should be 

5 adapted so that the most economical and practically realizable 

reaction conditions are obtained, especially when the wet oxidation 
is combined with a subsequent bi ode gradation process. This will be 
discussed in detail below. A concentration of solids in the liquid 
suspension within the range of 10-60X, based on the weight of the ' 

10 solids and the total volume or weight of the suspension has in most 
cases been found to be suitable. At concentrations lower than 10% 
(weight/volume), the wet oxidation treatment will in most cases not 
be economically feasible and the optional subsequent solid/liquid 
separation, e.g. filtration, puts heavy demands on the capacity of 

15 the separation equipment compared to the cases where more 

concentrated suspensions are handled. In the case of suspensions 
having a concentration higher than 60X (weight/volume) , it may be 
difficult to obtain a stifficient flow of the stispension, and these 
high concentration siispensions may contain such high amoimts of 

20 oxidizable material that it may be difficult to obtain the desired 
degree of decomposition and/or modification of this material under 
the reaction conditions in question. 

Concentrations of solids in the liquid suspension within the range of 
20-60% (weight/volume), such as 30-60%. and preferably within the 

25 range of 40-60% (weigjit/volume) and more preferably 40-55% 

. (weight/volume), e.g. 45-55% (weight/volume) have been found to be 
useful for most pxirposes. A concentration of solids in the liquid 
suspension of about 50% (weight/volume) has proved to he especially 
suitable both with regard to the capability of the wet oxidation 

30 system of decomposing and/or modifying the oxidizable substances and 
the treatment of the suspension subsequent to the wet oxidation, e.g. 
the filtration. It must, however, be emphasized, that the optimal 
concentration of solids in the suspension depends on the wet 
oxidation reactor system to be used as well as the nature of the 

35 material and the oxidizable substances to be treated. 
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The particle size of the solids in the suspension is another feature 
which may be of importance in connection with the vet oxidation 
process of the present invention. Preferably, the particle size of 



the. suspension is adapted so that it permits pumping of the 
5 • suspension in the reactor system in question. Also, the size of the 
particles should be so adapted that the oxidizable substances 
contained in, or in connection with the particles is accessible to 
the wet oxidation process . Thus , when treating rather porous polluted 
materials which may contain large amounts of oxidizable substances in 
10 the pores, it may be desirable that the particles of these materials 
are of a size which makes the oxidizable substances contained in the 
pores accessible to oxidation. 

At present, a particle size of at the most 2 mm is cotisidered to be 
\iseful when the wet oxidation . treatment is carried out in reactor 
15 systems which malce .use of conventional pumps and pumping valves » as 

problems may arise in connection with the passage of larger particles 
through the valves. Often, smaller particle sizes, e..g. particle 
sizes of at the most 0.75 mm or at the most 0.5 mm, such as at the 
most 0.2 mm and even at t^e most 0.150 mm, are suitable. 

20 As the polluted material to be treated often conta.ins particles which 
are too large in relation to the wet oxidation system in question, it 
may be necessary to crush, grind or otherwise comminute the material 
so as to obtain suitable particle sizes . The comminution may take 
place in any convenient manner, the type of which is not critical in 

25 relation to the present invention. An example of a suitable means for 
comminution of the polluted material is given below in connection 
with the explanation of Fig. 1. - 

If the polluted material is . of a type which is to be s\ispended in a 
liquid, such as water, prior to wet oxidation, it is conveniently 

30 mixed with the liquid before the comminution, whereby the resulting 
mixture is then subjected to comminution and a suspension containing 
particles of the desired size may be obtained. Preferably, the liquid 
Is added in an amoimt which results in the desired concentration of 
the suspension so that no further stirring or addition of liquid are 

35 necessary subsequent to the comminution. 
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■ As explained above, the wet oxidation of the polluted material may be 
performed in a wide variety of manners, being dependent, as explained 
above, on the type of material to be treated, the desired degree of 
oxidation of the material, and the type of wet oxidation or reactor 
5 system to be employed. In accordance with the present invention, it 
is, however, preferred, that the wet oxidation process a method 
according to any of the preceding claims wherein the wet oxidation 
process is performed either by means of an oxidizing agent or 
oxidizing agents added to the material prior to its introduction 

10 into the reactor, or by means of an oxidizing agent or oxidizing 
agents added to the material in the reactor, optionally at various 
positions in the reactor, or by means of a combination of an 
oxidizing agent or oxidizing agents added prior to the introduction 
of the material into the reactor and an oxidizing agent or oxidizing 

15 agents added to the material in the reactor, and the material in the 
reactor is subjected to conditions sufficient to result in the 
decomposition and/or modification of oxidlzable substances in the 
material and optionally improve the filterability of the material. 

Depending on the types of oxidlzable substances and/or polluted 
20 material to be treated, and the form and amount in which they are to 
be treated, it may be advantageous to incorporate an oxidizing agent 
or oxidizing agents and/or an oxidizing -enhancing agent or oxidizing- 
etihancing agents in the polluted material prior to its introduction 
into the reactor. The material may in this way \mdergo some sort of 
25 preoxidation, rendering the subsequent wet oxidation treatment more 
efficient. In most cases, however, the oxidizing agent or agents is 
or are added to the material in the reactor. 

The oxidizing agent or agents which is or are suited to be 
incorporated will, of course, depend on the case in question. 

30 Preferably, the oxidizing agent comprises an oxygen- containing gas, 
preferably a gas containing more than 20t of oisygen by volume, 
preferably more than SOX, more preferably more than 70X, and most 
preferably more than 80X, e.g. lOOX of oxygen by volume. The 
oxygen- containing gas will in most cases be introduced into the 

35 reactor through an inlet or through several inlets located at 
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different positions in the reactor. The amoimt in which the 
oxygen- containing gas is introduced into the reactor is, among other 
things, dependent on the desired degree of decomposition and/or 
modification of the oxidizable substances in the material to be 
treated in the reactor. In most cases, the amount of oxygen needed to 
decompose and/or modify the oxidizable substances is calculated on 
the basis of small-scale pilot or laboratory experiments on wet 
oxidation of the polluted material in question. Especially in those 
cases where the wet oxidation is combined with a biode gradation 
process , it is desirable that the oaqrgen is added in an amount which 
corresponds to or is in excess of the calculated amount of oxygen 
which is needed to decompose and/or modify the oxidizable substances 
so as to render the polluted material substantially biodegradable. In 
contrast, it is preferred that oxygen is added in excess of the 
calculated amotint when the polluted material is solely subjected to 
wet oxidation. However, for most purposes, whether a subsequent 
biodegradation is performed or not, it is generally preferred to 
adapt the supply of the gas so that it is introduced in an amount 
corresponding to an oxygen amount of at least 100%, preferably an 
amount in the range of 105-200iC, in particular about 110-160X, such 
as 110-130Z, e,g. 110-120X, calciilated on the COD value of the 
material to be treated. 

The press\ire of the oxygen-containing gas added to the reactor is to 
be suited to the overall pressure prevailing in the reactor. Thtis, 
the pressure of the oxygen-containing gas should be at least as high 
as the pressure prevailing in the reactor, so as to ensure that the 
oxygen- containing gas may be distributed within the material in the 
reactor. To ensure that the amount of oxygen- containing gas is 
sufficient throughout the reactor, it may be introduced through 
several inlets which are located at different positions in the 
reactor so as to ensure a sufficient distribution of the oiqrgen- 
containing gas. 

Examples of other suitable oxidizing agents are hydrogen peroxide, a 
percarbonate , a peroxodisulphate , a permanganate, a peracetate, 
hypochlorite, chlorine or ozone, optionally in combination with the 
oxygen- containing gas. The oxidizing agent (including any o^qrgen- 
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containing gas) is preferably introduced in the above-mentioned 
preferred total amount corresponding to an oxygen amqurit df at least 
lOOX, preferably an amount in the range of 105-200X, in particular 
about 110-160%, such as 110-130X. e.g. 110-120Z, calculated on the 
5 COD value of the material to be treated. 

It is contemplated that certain types of suitable oxidizing agents 
may be prepared directly in connection with the wet oxidation reactor 
system. For instance, percarbonate compounds could be produced an 
electrolysis process carried out in an electrolysis system located in 

10 connection with the wet oxidation reactor system. The electrolysis 
system could optionally be driven by the energy produced by the wet 
oxidation process, and the percarbonate compounds produced could be 
introduced directly into the reactor. Such a system would be 
especially useful for the treatment of polluted materials which do 

15 not contain large amounts of sxjbstances to be oxidized, or which for 
other reasons do not consume large amounts of oxidizing agents. The 
system is contemplated to be especially useful for treating soil 
polluted with relatively low amounts of oxidizable stabstances. 

20 For instance, when treating an alkaline suspension of soil containing 
high levels of inorganic cyanide, it has turned out that at least 
part of the cyanide content may be decomposed in the presence of an 
oxidizing agent such as potassium permanganate or diammonium 
peroxodisulphate at room temperature or slightly higher temperatures. 

25 The oxidition conditions which are sufficient to decompose and/or 
modify the oxidizable substances typically comprise heating and 
pressurizing the suspension. Thus, according to the present 
invention, it is preferred that the wet oxidation is performed under 
conditions which comprise heating the suspension and subjecting it to 

30 a pressiire which is at least sufficient to substantially prevent 
boiling of the liquid. 

The temperature and pressure needed for obtaining sufficient 
decomposition and/or modification of the oxidizable substances will 
depend on the specific material to be treated, and cannot be 
35 generalized. Thus, in most cases, the temperatures necessary for the 
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wet oxidation processes are determined by small-scale pilot plant or 
laboratory experiments on the polluted inaterial to be treated. The 
pressure in the reactor also depend on the temperature therein and 
on the type of ^material to be treated. After leaving the heat 
5 exchanger of the reactor (the heating zone is explained below) , the 
pressure on the material whch has been treated therein is released by 
throtting in a relaxing pipe. 

The material subjected to wet oxidation in the reactor is preferably 
first heated in a heating zone of the reactor to a temperature which 
10 is sufficient for Initiating the decomposition and/or modification of 
oxidizable susbtances in the material; it is then maintained in a 
reaction zone of the reactor at a temperature at which the 
decomposition and/or modification proceeds, for a sufficient time to 
ensure that the decomposed and/or modified substances remaining, after . 
15 the wet oxidation and the optional removal of heavy metals are 

substantially biodegradable, and then cooled in a cooling zone of the 
reactor. Preferably, the heating zone comprises a heat transfer zone 
■ iti which the polluted material entering into the system is heated by 
heat transfer with the effluent in the cooling zone of the tube 
20 reactor. The effluent, i.e. the wet- oxidized polluted material 

comprising decomposed and/or modified oxidizable substances is, in 
cases where .the wet oxidation is carried out at elevated 
temperatures, at a high temperature. This effluent may therefore, 
advantageously be used to heat the material which enters into the 
25 system. When the wet oxidation process which is to be carried out at 
elevated temperatures is initiated, it is, however, necessary to heat 
the polluted material by heat derived from an external heating 
system!. As the wet oxidation reaction an is exothermic reaction, the 
oxidation may continue continuously after having been initiated, 
30 without the need for further heating, the heat of the effluent being 
in most cases sufficient to heat. the polluted material entering into 
the system. As stated above, t±ie polluted material is maintained in 
the reaction zone for siifficient time to secure that the desired 
degree of decomposition and/or modification of the oxidizable 
35 substances is obtained. . 
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In some cases, it may prove advantageous to adjust the pH of the 
polluted material to be treated in the reactor so as to enhance the 
wet oxidation of the oxidizable substances therein. Thus,- in these 
cases, a pH-regulating agent is preferably added to the suspension, 
5 the pH-regulating agent preferably being a base, e.g. an alkali metal 
hydroxide, carbonate or bicarbonate, or an alkaline earth metal 
hydroxide, carbonate or bicarbonate, or ammonia, or an organic base. 
When the polluted material to be treated is soil containing large 
amounts of chalk this pH- adjustment is, however, in most cases not 

10 necessary, as this type of soil is in itself sufficiently alkaline. 
pH- regulation is accordingly more important when the polluted 
material to be treated has a neutral or even acidic character. The 
amount in which the pH-regulating agent should be added will depend 
on the material to be treated as well as on the conditions under 

15 ^ich the wet oxidation is to be performed. 

In some cases, the effectiveness of the wet oxidation process may be 
improved by adding an oxidation catalyst which preferably comprises a 
manganese <IV) or cerium (IV) compound or a combination thereof. An 
addition of an oxidation catalyst is especially preferred in those 
20 cases, where the polluted material is subjected to several rounds of 
recycling in the wet oxidation system, as the catalyst may be 
difficult to recover from the wet oxidation treated material and 
consequently may be lost from the system when the wet oxidation 
treated material is removed. 

25 The rate of decomposition and/or modification of oxidizable 
substances in the polluted material to be treated in the wet 
oxidation process is increased the more vigorous the reaction 
conditions are. Thus, as stated above, the flow in the plug flow 
. reactor is preferably a turbulent flow, i.e. a flow having a Reynolds 

30 ' number of at least 4000. It is, however, preferred that the flow of 
the suspension in the reactor has a Reynolds number of at least 
10,000, preferably at least 20,000, more preferably at least 30,000, 
and preferably at the most 100,000. more preferably at the most 
80,000, most preferably at the most 60,000. (The Reynolds number is a 

35 parameter which is used as an indication of the flow conditions in 
question. The Reynolds number is a dimensionless quantity which is 
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calculated from the diameter (D) of the tube, the velocity (V) of the 
material through the tube, the viscosity and the density (p) of 
the material. Thus, Reynolds number may be expressed as 

D X V X p/ri) - 

5 The flow of the suspension in the reactor is preferably adjusted to 
the viscosity and size of the particles of the suspension so that 
substantially no deposition of the polluted material will take place 
in the reactor. Preferably, the flow rate is in the range of 1.2 - 
2.2 m/sec, , such as 1.4 - 2 m/sec. , more preferably in the range of 

10 1.7-1.8 m/sec. The actual flow rate to be used is of coxirse 

dependent on the dimensions of the tube reactor as well as on the 
desired extent of wet oxidation to be obtained and on the polluted 
material to be treated. In this regard, it may be noted that the 
capacity of the tube reactor is dependent on the diameter of the tube 

15 of the reactor. As there are preactical limits to the diameter of the 
tube (often, a diameter of about 10 cm will be considered a practical 
maximtim for a steel reactor) , one way of increasing the capacity of 
the tube reactor is to construct the tube reactor of two or more 
tiibes arranged in parallel. This results in an increased total flow 

20 capacity of the tube reactor and thus in the possibility of treating 
increased amounts of polluted material. 

The wet oxidation conditions in the tube reactor are preferably 
adapted so that the holding time (reactor volume/flow rate) of the 
suspension in the reactor is such that the polluted material treated 

25 in the reactor becomes substantially biodegradable. The holding time 
which is requljred obtain this substantial biodegradabili^ is of 
course dependent on the nature of the polluted material and the 
oxidizable substances as well, as on the type, natxare and tolerance 
of the siibsequent bio degradation process . Thus , the required holding 

30 time will in most cases be determined on the basis of laboratory or 
pilot plant experiments performed on the polluted material to be 
treated . 

In most cases, one passage of the sxispension of the polluted material 
through the reactor will be sufficient to obtain the desired 
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decomposition and/or modification of oxidizable substances. In some 
cases, however, it may be advantageous to subject the material to 
several passages through the reactor so as to obtain a sufficient 
degree of decomposition and/or modification of oxidizable" substances . 
5 Also, a holding time which on the basis on laboratory or pilot plant 
experiments has been found to be sufficient for the wet oxidation 
treatment in question may be obtained by recirculating the 
suspension of the polluted material one or more times through the 
reactor. In most cases, it is preferred that the holding time under 
10 oxidizing conditions in the reactor is in the range of 5-60 min. , 

e.g. 10-50 min., preferably 20-40 min. and most preferably about 30 
min. 

The kind of biode gradation process to which the decomposed and/or 
modified substances optionally are subjected is not critical to the 
15 method of the present invention. 

As stated above, the reactor in which the wet oxidation is carried 
out is a reactor comprising a heating zone, a reaction zone and a 
cooling zone. When using rather vigorous oxidizing agents, it may be 
necessary that at least the reaction zone of the reactor is 
20 constructed of a material which is substantially resistant to the 
oxidizing agent. 

As stated above, after initially supplying heat from an external 
source the suspension introduced into the reactor is heated using 
heat recovered by heat exchange. Accordingly, the heating zone of the 
25 reactor is preferably equipped with a heat exchanger system and/or a 
heating Jacket system, the heat exchanger system preferably 
comprising at least part of the cooling zone of the reactor. 

The wet oxidation treatment may in itself lead to substantially total 
decomposition of the polluted material. Thus, by the wet oxidation 
30 process, the oxidizable substances may be substantially decomposed to 
low molecular weight organic compounds, preferably organic compounds 
containing at the most 4 carbon atoms, preferably at the most 3, more 
preferably 2 carbon atoms or even 1 carbon atom, e.g. formic acid, 
acetic acid or carbondioxide . The conditions under which this 
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substantially total deconposition takes place will of course be 



dependent on the type of polluted material as well as the oxidizable 
substances therein. In most cases, however, it has been found that a 
substantially total decomposition may be obtained when the wet 



horizontal tube or a number of substantially horizontal tube 
sections, the wet oxidation being performed at a temperature in the 
range of 150-300*C, preferably 200-260'C, more preferably 220- 
260**C, still more preferably 230-260*C, in particular 240-260*C in 
10 the presence of an oxidizing agent which is added through one or 
several inlets in an amount which is at least sufficient to and 
preferably in excess of the theoretical amount needed to decompose 
the oxidizable substance to the low molectilar weight organic 
compounds « As stated above, the amount of oxygen needed may be 
15 calculated on the basis of laboratory or small* scale pilot plant 
experiments performed on the material in question. As mentioned 
above, in most cases, it is preferred that the polluted material to 
be treated is in the form of a sxispension which is passed through the 
reactor in a substantially continoxis turbulent flow, preferably a . 
20 flow having a Reynolds number within the ranges stated above. 

In most cases , the wet oxidation process is advantageously combined 
with a biological degradation process. In such cases, the wet 
oxid^ltion process is performed to such an extent that the decomposed 
and/or modified substances remaining after the vet oxidation are 
25 sxibstantially biodegradable. When the polluted material contains 

substances which are not oxidizable and thus not degraded by the wet 
oxidation, it may be necessary to remove these siibstances when these 
will not be tolerated by microorganisms in the biodegradation 
process. Examples of such substances which are not oxidizable and/or 
30 not biodegradable are heavy metals. Heavy metals may be solubilized 
, hy the wet oxidation treatment and thus be removed from the liquid 
phase resulting from the wet oxidation treatment. The heavy metals 
may be removed by precipitation, electrolysis or crystallization, but 
a preferred method involves liquid- liquid extraction. The manner in 
35 which the heavy metals are removed will of course depend on the 

nature of the heavy metals, as well as the amotmts in which they are 
present and the specific biodegradation process to be employed. 



5 



oxidation is performed in a reactor comprising a substantially 
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Prior to the biodegradation, it may be necessary to separate material 
in the form of a suspension into a solid and a liquid phase so as to 
remove at least part of the solid material, which in most" cases is 
more or less inert, from the suspension, as this solid material will 
5 not be further degraded by the biodegradation process and will in 

most cases only decrease the capacity of the bibdegradation plant in 
question. 

The biodegradation process which is to be used in accordance with 
the present invention preferably involves introducing the liquid 
10 phase resulting from the wet oxidation treatment into a 

biodegradation plant, e.g. an activated sludge plant, wherein the 
biodegradable substances in the liquid to be treated are degraded by 
microorganisms which are present in the activated sludge. A wide 
variety of microorganisms may be present, i.e. autotrophic as well as 
15 heterotrophic and aerobic, anaerobic or facultative bacteria, as well 
as lower euycarotic organisms such as protoza. The microorganisms 
utilize the nutrients present in the suspension or liquid to be 
treated. Thus, the microorganisms convert organic and inorganic 
matter to biomass under anaerobic, aerobic or anoxic conditions. 
20 Activated sludge may be recovered from various sources such as 

municipal purification plants, and depending on the microorganisms 
which are present in the activated sludge to be employed, it may be 
necessary to adjust the liquid or sxispension to be treated so as to 
obtain optimal decomposition conditions. Generally, it is preferred 
25 that the pH-value of the liquid or svispenslon to be treated is within 
the range of 6-9, as this range will be tolerated by most 
microorganisms. A pH range of 7-8 is however, in most cases 
preferred. Also, the temperature of the liquid or suspension to be 
treated should be adapted to the microbial composition of the 
30 activated sludge. Most microorganisms tolerate temperatures within 

the range of 10-70'C, but optimal microbial growth is often obtained 
at temperatures in the range of 30-40*C or 55-65'C. When subjecting 
the suspension to biodegradation directly subsequent to the wet 
oxidation treatment, the temperature which is desirable for the 
35- biodegradation to proceed is preferably obtained by allowing the 

effluent from the wet oxidation reactor to cool on its passage from 
the wet oxidation reactor to the biodegradation plant, optionally 
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with, an intermediate solid/liquid separation- In some cases, it may 
be advantageous to add further nutrients to the suspension or liquid 
to be treated in tixe biodegradation plant if these are deficient in 
certain essential or biodegradation -enhancing stibstances. In any 
5 case, the suspension or liquid to be treated should be adapted so as 
to obtain optimal growth conditions, i.e. a maximal specific growth 
rate for the microorganisms present in the activated sludge. These 
optimal conditions may be determined by preliminary experiments on a 
pilot or laboratory scale equipment. 

10 In the activated sludge plant^, the microorganisms flocculate and the 
flocculated mieroorganisms are brought into contact with the liquid 
or suspension to be treated. The distribution of the flocculated 
microorganisms in the suspension is obtained by a means of aeration 
(in the cases of aerobic decomposition conditions), optionally in 

15 combination with stirring- When the microbial decomposition is 

terminated, the flocculated microorganisms are separated from the 
suspension, often by simply allowing the suspension to settle . At 
least part of the settled material which contains substantial amounts 
of flocculated microorganisms is recycled to the inlet of the 

20 activated sludge plants wherein it is mixed with the liquid or 
suspension which is to be subjected to biodegradation. In some 
cases, it may be necessary to remove part of the biomass, i.e. the 
microorganisms produced as a result- of the decomposition, from the 
biodegradation plant. This material, which sxibstantially has been 

25 freed from hazardous or toxic substances by the preceding wet 

oxidation treatment, Is subjected to filtration and is deposited in 
any convenient manner. 

The degree to which it is economical to degrade or modify the 
toxicity of substances in the material treated towards microbes will 

30 often depend on the most inhibiting substance in the material. After 
the wet oxidation, the treated material is, as explained above, 
normally subjected to a biological degradation. As will be explained 
in the following, the extent to which the wet oxidation is performed 
is preferably adapted so that the treated material is suitable for. 

35 the biological degradation, i.e. the wet oxidation is normally not 
carried out to any extent beyond that which results in a material. 
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which can be degraded by the biological degradation treatment as such 
further wet oxidation treatment would hardly be economical, except in 
cases where the energy recovery in the wet oxidation process is a 
positive energy recovery of considerable extent. This, however, 
5 especially being a possibility in the case of sludge treatment. 

The extent to which the wet oxidation should decompose and/or modify 
the oxidizable substances in a particular material to adapt the 
treated material to a particular biodegradation process can be easily 
determined by preliminary experiments in pilot or laboratory 
10 equipment . 

If the treated material contains any appreciable amounts of solid 
insoluble inorganic materials, these are preferably removed prior to 
the biological treatment . Thxis , treated sewage is normally passed 
directly to a biological treatment, whereas treated soil suspensions 

15 will of course have to be subjected to solid/liquid separation and 
the liquid phase subjected to the biological degradation. It is 
interesting to note that in the case of a treated soil suspension, 
the solid inorganic material (often sand) separated from the liquid 
is normally a sterile free- flowing powder which may be utilized for 

20 various purposes, such as filler material for cement and concrete 
materials, road "building, etc., or as a sterile soil component in 
artificial soil. In the case of sludge treatment, it is also desired 
to perform a solid liquid separation prior to the biological 
degradation. 

25 In connection with particularly sludge, but also soil suspension, it 
is to be noted that the wet oxidation results in a greatly enhanced 
separability such as filterability of the treated material. While, 
e.g., normal sludge can only with great difficulty be filtered, the 
wet oxidation treated sludge can be easily separated in a liquid 

30 phase and a solid phase- The solid phase may be separated in a usual 
filter press and as a consequence o£ the enhanced separability of the 
phases, filter cakes with a very high dry matter content may be 
obtained. The filter cake or otherwise concentrated solid may be 
disposed of by conventional means such as incineration or 

35 distribution on fields. 
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The invention is further illustrated in the drawing, in which 

Fig I. 1 is a schematic drawing o£ a system which is suitable £or wet 

oxidation treatment. 

Fig. 2 is a flow diagram of a combined wet oxidation and biological 
degradation treatment. 

Fig. 3 is a schematic view of a bio degradation plant, and 

Fig. 4 is a diagrammatic view illustrating the principles of a one 

suitable bio degradation method. 



PCT/DK88/00024 

WO 88/06144 

23 



Fig. 1 is a schematic drawing of a system (1) which is suitable for 
the wet oxidation treatment of polluted material according to the 
present invention. The system (1) may be employed for the wet 
oxidation treatment of polluted material which initially is in either 
5 solid or liquid form. In those cases where the polluted material to 
be treated is solid material containing particles of a size greater 
than 10 mm, the initial stages of the process are as follows: 

The solid material is loaded into a feed-hopper (3) from which the 
material is transported via a conveyor belt (5) to a jaw crusher (7). 
10 The jaw crusher (7) crushes to a particle size of 0-50 mm. The 
cr\ished material is transported via a conveyor belt (11) to a 
vibrating sieve (15). Material of particle size 0-10 mm is 
transported from the bottom of the vibrating sieve via a conveyor 
belt (17) to the top of a storage silo (19). 

15 Particles of size >10 mm are transported from the vibrating sieve 

(15) via a conveyor belt (13) to a cone crusher (9) , where they are 
crushed and returned via the conveyor belt (11) to the vibrating 
sieve (15). 



20 



Polluted material having from the start a maximunr particle size of 10 
mm can be loaded directly into the storage silo (19) . 



Material from the storage silo (19) is transported via a cup-elevator 
(21) to a silo (23). Material is withdrawn from the bottom of the 
silo with the aid of a -belt weigher (not shown) and delivered via a 
conveyor belt weigher (25) to the inlet funnel of a ball mill (29) . 

25 Liquid, in the form of liquid phase resulting from the wet oxidation 
process and subsequent solid/liquid separation, or in the form of 
fresh water, or in the form of a combination of these, is delivered 
from a reservoir (33) to the ball mill (29), After wet-milling, the 
resulting slurry is pumped by means of a slurry pump (31) to £ 

30 hydrocyclone (27), in which the liquid slurry is divided into two 
streams. The fine stream is sent to a stirring tank (35) equipped 
with a lid and, if necessary, an air-exhauster. The coarse stream is 
returned to the ball mill. 
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The siispensloTi is led from the stirring tank (35) to a centrifugal 
p\imp (37) which puinps it to a pis toil membrane pump (43) , and the 
piston membrane ptmip brings the suspension up to the required 
press\ire. 

5 Polluted material in the form of liquid or sludge may be loaded 

directly into the stirring tank (35) . The suspension is heated to the 
desired treatment temperature in the first part of a reactor (47) and 
the required amount of oxygen is added. The suspension is then 
treated at the temperature and oxygen pressure in question, and the 
10 treated suspension is then cooled in a heat exchanger (not shown) . 
The pressure on the suspension is then released by throttling in a 
relaxation pipe (not shown) - The suspension is then led to a 
collecting tank equipped with stirrer (49). 

. The stispension from the collecting tank (49) is pumped to a belt 
15 filter (53) where a spreader system ensures spreading of the 

stispension stream over the whole width of the filter belt, thereby 
ensuring that the filter-cake is of uniform thickness. 

The liquid filtered from the suspension on the belt filter is led to 
a liquid tank (63). The liquid is led from this liquid tank, via a 

20 system of storage tanks (83) . back to the reservoir (33) or to ion- 
exchange columns (85^ 87 and 8^) in both cases for re-use. 
Alternatively, the liquid is withdrawn from the bottom of the liquid 
tank (63) and led to a storage tank (67); the liquid from the storage 
tank is then treated further (precipitation) in a precipitation tank 

25 equipped with stirrer (71) . 

The filter-cake is subjected to counter -current washing and the spent 
washing water is then led back to the reservoir (33) . An extra 
thorough washing of the filter-cake is made possible by resuspending 
the material in a resuspension tank (57), The run- off is removed in a 
30 thickener (59) and is led to the precipitation tank (71). The 

material is then led to a belt filter (61) for final filtration. 
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In the precipitation tank (71) , inorganic components are precipitated 
by addition of chemicals. After allowing it to settle, the 
precipitated material is withdrawn from the bottom of the' 
precipitation tank, while the liquid phase is sent, via a second 
5 precipitation tank (73), back to the reservoir (33), Alkali can be 
added to the liquid in the precipitation tank (73) from a storage 
tank (69) in which alkali is mixed. 

Liquid containing dissolved metals in amounts which render 
precipitation impracticable can be freed of dissolved metal by ion- 

10 exchange. The liquid is pumped to the ion-exchange plant (85, 87, 

89). Two columns are rtm in series, so that the capacity of the first 
coltamn can be ftilly exploited. The procedure is then changed so that 
the free column becomes the last in a series, and so forth. The free 
colijmn is subjected to an elution programme so that it is ready for 

15 recharging. 

The metal-free liquid is then returned to the reservoir (33). 

Fig, 2 is a flow diagram which illustrates one example of a method 
for carrying out the combined wet oxidation and subsequent biological 
pxirification processes in cases where the material to be treated is 
20 polluted soil such as discussed in the present application. 

Fig. 3 is a schematic view of a biode gradation plant in which the 
biodegradation process according to the method of the present 
invention may suitably be performed. The biodegradation plant in 
Fig. 3 is a so-called OCO purifying plant which is in the form of a 

25 one-step active sludge plant wherein organic substancsfes as well as 
nitrogen- containing substances are decomposed without the need for 
adding decomposing chemicals. The plant consists of a circular 
aeration tank (101) which is divided into three volume zones, and a 
clearing tank (103) wherein the treated material is separated into a 

30 solid and a liquid phase. The material resulting from the wet 

oxidation, either in the form of a suspension or in a liquid form 
which optionally has been obtained by subjecting the effluent (the 
wet oxidation treated material) from the reactor to separation into a 
solid and a substantially liquid phase, is introduced into a central 
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part (105) of the aeration tank (101) through an inlet (107) . The 
liquid to be s^ibjected to biological degradation is then subjected to 
degradation in a zone (109) and zone (111) of the aeration tank. The 
zone (109) and the zone (111) are separated by a partition (110) in 
5 which a number of diff users are positioned. Further, the aeration 
tank is equipped with stirring means in each of the zones (105) , 
(109) and (111) of the aeration tank (101), and the stirring provides 
a horizontal movement of the liquid in each of the zones (105), (109) 
and (111) . Only in zones (109) and (111) of the aeration tank (101) 

10 is the liquid subjected to aeration; in zone (101) anaerobic 

conditions prevail. The liquid material subjected to b lode gradation, 
which Is contained in zones (109) and (111) of the aeration tank 
(101), is subjected to a certain degree of mixing which will be 
discussed in detail below in the explanation of Fig. 4. The material 

15 from the aeration tank is transferred to the clearing tank (103) 
through a tube (113). In the clearing tank (103), the treated 
material is separated into a liquid and a solid phase » the separation 
being performed by allowing the solid part of the treated material to 
settle. The settled solid phase, which is in the form of sludge, is 

20 then transferred to the aeration tank for another biological 

degradation treatment. The sludge is passed through a tube (115) to a 
sludge pumping well (117) and further through a tube (119) to the 
inlet (107). The biologically degraded liquid phase from the clearing 
tank (103) Is removed from the plant througji an outlet (121), e.g. 

25 directly Into the environment, as the water by the biological 

degradation leads to a degree of purity sufficient for this purpose. 

Fig. 4 is a diagrammatic view of the principles of the OCO-process as 
it is carried out in the aeration tank (101) . The material to be 
treated is Introduced into the reaction zone (105) of the aeration 

30 tank (101) . Anaerobic conditions prevail in the zone (105) , and 

substantially no oxygen or nitrate is present in this zone. In the 
zone (105) anaerobic degradation of the material to be degraded is 
carried out. From the anaerobic zone (105), the material is passed to 
the zone <109) wherein anoxic conditions prevail. Anoxic conditions 

35 comprise conditions where nitrate is present and oxygen is absent. 
Thtis, in the anoxic zone (109), the nitrogen of the nitrate 
compoimds is converted to tJie gaseous nitrogen, as the 
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microorganisms of the active sludge utilize the nitrate as an 
oxidizing agent when no oxygen is present. Between the zones <109) 
and (111), a certain degree of mixing of the substances takes place. 
Aerobic conditions prevail in zone (111), i.e. conditions where 
5 oxygen is present in the water. Under the aerobic conditions the 
organic matter in the material to be treated is oxidized and 
converted to carbon dioxide and water. Further, ammonia and organic 
nitrogen are converted to nitrate compounds. Part of the organic 
matter present in the material is used in production of 

10 microorganisms. As explained above in connection with Fig. 3, a 
certain degree of mixing takes place between the zones (109) and 
(111) of the aeration tank (101). This mixing Is performed by varying 
the means of stirring of zones (109) and (111). The degree of mixing 
is determined by the composition of the material to be treated, i.e. 

15 to ensure that a sufficient decomposition of the material is 

obtained. The partition (110) ensures that the flow in zones (109) 
and (111) are independent of each other and that controllable mixing 
of the two zones can take place in the part of the aeration tank 
where no partition is present. 
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EQUIPMENT AND REACTION CONDITIONS USED IN THE EXAMPLES 

The experiments were performed in a pilot autoclave ("loop- 
autoclave") made of acid-resistant steel of the type UBH24, available 
from Avesta^ Sweden, and consisting of a steel container in the form 
5 of a cylinder having an inner diameter of about 11 cm and a height of 
18 cm, and an externally placed 160 cm long steel tube with an inner 
diameter of 22 mm forming a closed loop. One end of the tube was 
welded to the outside of the bottom of the container, and the other 
end was welded to the outside of the lower part of the side of the 

10 container. In the bottom of the container, just above the tube 

connection, a centrifugal pump wheel was placed which created the 
flow of the sxispension to be treated throu^ the closed autoclave 
system con^rising the tube and the cylinder. The pump wheel was 
driven by an electric motor wia a magnetic coupling, the electric 

15 motor being placed outside the autoclave. The top of the container 
was constituted by a lid which was closed by a flange assembly. The 
lid was equipped with an inlet valve for molecular oxygen. The 
suspension to be treated in the autoclave was added to the container 
by removing the lid and simply pouring the suispension into the 

20 container. The treated suspension was withdrawn from the autoclave by 
means of a vacuum pump. The volume of the suspension in each of the 
following examples was about half of the total volume of the 
autoclave. The remaining free volume of the autoclave was filled with 
oxygen. 

25 The initial oxygen pressures employed are specified in the individual 
examples below. The autoclave itself was not equipped with a pressure 
gauge . 

The autoclave was constructed so as to obtain reaction conditions in 
the tube very similar to plug flow conditions. When pure water was 

30 circulated in the autoclave by means of the pump, the flow rate was 
about 1 liter/sec, resulting in a Reynolds number of about 30,000. 
As the viscosity of the suspensions in some of the following examples 
is dependent on the types of components present in the suspensions, 
the flow rate and the Reynolds nxmber may differ from those of pure 

35 water. It has not been possible to measure to exact flow rate of the 
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suspensions used in the examples as such measurements would disturb 
the reaction, but it was evident that the flow was turbulent, i.e. of 
a Reynolds number well in excess of 4,000. 

The autoclave was heated by being dipped in a thermos tatted melted 
5 salt bath and cooled by being dipped in cold water. With respect to 
heating, the desired temperature was reached within about 5 min. and 
with respect to cooling, the temperature was reached in about 2 min. 

The autoclave temperature employed in the heating phase and the 
duration of heating are specified in the individual examples below. 



10 EXAMPLE 1 

A„<-»..1avA r,reati P ^T,i- of tndi.i«t:r1 al waste water from an orRanlq 
chemical synthe sis plant 

1 1 Obleet 

The main objective was to remove primary aromatic amine (PAA) , at 
15 the same time reducing the amount of organic material expressed in 

terms of COD. When the amine had been removed the remaining material 
could be subjected to biological purification. 

f The starf;<nff "■"tertal 

An almost clear, slightly yellowish liquid which was reported to 
20 contain: 

PAA (sulphanilic acid) - approx. 2160 mg/1 
COD - approx. 8620 mg/1 

1.3. Expeytmental c <;»T"^<ttons and results 

Pi-oeedure : The oxygen pressure corresponding to lOOX oxidative 
25 degradation was calculated on the basis of the reported COD value. 

The loop- autoclave was half filled with liquid; in this case 6 bar O2 
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in a gas volume of 960 ml corresponds to 8340 mg O2 per liter at room 
temperature. 6.2 bar should then correspond to 8620 mg/1. A pressure 
of 12 bar O2 was normally used, but an experiment xxsing 6. bar and 
another \xsing 18 bar O2 were also carried out. Temperatures of 
5 160 "C, 200 and 240 were maintained for 10 min. or 25 min» 

Table la summarizes the treatment conditions and the resulting 
values for COD, PAA. and pH. 

Results : the results are summarized in Table la. 



TABU la 

10 ' : 

Expt. Treatment COD mg/1 PAA mg/1 pH 







None (starting mat») 


10000 


2100 


4.20 




i 


160-C, 


10 min. 9 


12 atm. 


O2 8800 


1700 


4.19 


15 


2 




25 min. , 




6400 


1100 


4.08 




3 


200*C, 


10 min, , 




7900 


1000 


4.00 




4 


* f 


25 min, , 




6500 


620 


4.05 




5 


" r 


* r . 


6 atm 


6500 


785 


4.06 




6 


~ t 


1 


18 atm 


6500 


530 


4.08 


20 


7 


240*C, 


10 min, , 


12 atm 


6000 


620 


4.25 




8 




25 min. , 




5600 


370 


4.45 



Remarks: treatment at 160 **C for 10 min. resulted in a very dark brown 
colour and a smell resembling that of caramel. A higher temperatures 
25 and with longer duration of treatment the colour paled vintil it could 
be characterized as sli^tly olive- green. The smell also became more 
like that of aldehydes or ketones. After treatment at 240"C, both for 
10 min. and for 25 min. , the smell of HCN was detectable (its 
presence was also demonstrated \ising a Drdger tube) . 
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Procedure : Since it is probable that oxidative degradation is 
enhanced in a basic medium, Na2C03, KOH or Ca(0H)2 were added. Cu 
was also added in two of the experiments since it has been reported 
to have a catalytic effect. 

240'C, 25 min. and 12 atm O2 were the conditions generally employed. 
40 g Na2C03 + 3.6 g KOH were added in Experiments 9, 10 and 11. In 
Experiment 10, 107 mg of Cu2+ were added in the form of NH3 complex. 
In Experiment 11, 600 mg of Cu were added as metal powder. In 
Experiment 12. 32 g of Ca(0H)2 were added and nothing else. 

Results : the results are shown in Table lb. 

TABLE lb 



Expt. 


COD mg/1 


PAA mg/1 


pH 


Cu ppm 


9 


3200 


6 


9.47 




10 


7400 


100 


9.07 


47 


11 


6900 


50 


9.11 


56 


12 


6400 


12 


12.40 





Remarks: all the above Experiments were . conducted at 240-C for 25 
min, at 12 atm O2. In Experiments 9, 10 and 11. the pH before 
autoclave treatment was 10.2. The colour in the absence of Cu was 
intensely yellow. In the presence of copper it was slighty brownish. 
25 All the treated samples smelled strongly of NH3, but not of HCN. 

1.3.3. Experiment ^? iserles 1.3. 

Procedure : 20 g of Na2C03 were used in Experiment 13, and 20 g of 
Na2C03 + 2.6 g of NaOH were \ised in Experiment 14. Since the results 
were considerably poorer after the addition of Cu, an attempt was 
30 made to reproduce Experiment 9 (see Experiment 15 below). However, it 
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was not possible to reproduce the results of Experiment 9, possibly 
owing to the presence of some Cu remaining in the autoclave. The 
autoclave was therefore cleaned thoroughly, with 1,5 1 of dilute HNO3, 
which dissolved 125 mg of Cu. 400 g of quartz powder + 800 ml of 
5 water were then circxilated for 1 hour, after which the autoclave was 
rinsed and Experiment 9 was repeated (see Experiment 16 below) « 

Results : the restilts are shown in Table Ic, 

TABLE Ic 



Expt. 


COD mg/1 


PAA mg/1 


pH 


13 


6100 


235 


9,00-7.95 


14 


7300 


136 


9,55-8.68 


15 


6000 


21 


10.2 


16 


4800 


10 


9.70 



Remarks: all the above Experiments were conducted at 240 **C for 25 
min. at 12 atm O2. . 

1.3,4, Experimental series 1.4 

20 Procedure : 1) Two experiments were carried out at temperatures higher 
than 240 "C; 2} Experiment 9 was repeated after thorough cleaning of 
the autoclave as described above; 3) three experiments were carried 
out using smaller amounts of Ca(0H)2 than in Experiment 12. 



Results : the results are shown in Table Id. 
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TABLE. Id 



Expt. COD mg/1 PAA mg/1 pH 



5 17 4800 425 4.55 

18 3700 22 5,51 

19 5600 11 9.49 

20 5700 9 12,61 

21 6000 17 12.1 
10 22 6100 82 9.8 



Experiment 18 was carried out at 280 for 20 min. at 12 atm. 
Experiment 19 was a repetition of Experiment 9. 
15 Experiment 20 was carried out as for Experiment 12, but with only 
20 g of Ca(0H)2. 

Experiment 21 was carried out as for Experiment 12, but with only 
10 g of Ca(0H)2. 

Experiment 22 was carried out as for Experiment 12, but with only 5 g 
20 of Ca(0H)2- 

A leak occurred during Experiment 17 when the temperature reached 
264*C; the autoclave was therefore cooled immediately. The smell of 
HCN, which was apparent after treatment at 240'C, was now very weak. 
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1.4 BiodegradabtlltrY organic material present in the wastie water 
after autoclave tr eatment 

Procedure : the effect of a representative selection of eight samples 
of waste water which had been treated in the loop-autoclave (as 
5 specified in section 1.3. above) on the respiration (O2 consumption 
rate) of the microorganisms present in a typical active sludge used 
in biological purification plants was investigated. 

50 ml samples of autoclave- treated waste water were adjusted to pH 
7.0 by the addition of 2 M CH3COOH or 1 K NaOH (depending on whether 
10 or not base had been added to the waste water prior to the oxidation 
treatment in the loop-autoclave), and 230 ml of the forcibly aerated 
active sludge was added to each sample in a container which could be 
closed to the atmosphere. 

50 ml of a glucose solution with a CCD-value equal to that of the 
15 autoclave- treated waste water sample in question was used as control 
in each case. 

After mixing the active sludge and the sample or control, the 
container was closed to the atmosphere. Respiration, expressed as mg 
O2 per litre per min. , was monitored, using a WTO O2 electrode placed 
20 in the container, over a period of 5-20 min. (depending on the rate 
of O2 consumption) . 

Results ; the results are stimmarized in Table le. 
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TABLE le 



5 



10 



Sample 
Expt. No.* 


Treatment: conditions* 
Temp,/*C time/min. Z 


02** 


COD* 


?AA* 


I.F.*** 


1 


160 


10 


200 


8800 


1700 


0.10 


3 


200 


10 


200 


7900 


1000 


0.48 


6 


200 


25 


300 


6500 


530 


0.17 


11 


240 


25 


200 


6900 


50 


0.16 


12 


240 


25 


200 


6400 


12 


1.0-1.1 


18 


280 


20 


200 


3700 


22 


0.02 


19 


240 


25 


200 


5600 


11 


0.48 


22 


240 


25 . 


200 


6100 


82 


0.67 



15 * See Tables la, lb and Id in section 1.3. 

** Amount of oxygen employed. A value of lOOZ corresponds to the 
required amount calculated on the basis o£ the COD-value for the 
untreated waste water. 

*** Inhibition factor (I.F.) is defined as: 
20 Tresplrat5or> th sample 
respiration with control 

Remarks: As described in section 1.3., Cu and base had been added to 
sample 11, and bases alone to samples 12, 18 and 22. 

The results appear to indicate that the inhibition factor (I.F.) 
25 increases both with decreasing duration of treatment at a given 

temperatxxre, and with decreasing temperature for a given duration of 
treatment in the Ipop- autoclave. 

Although PAA itself is expected to exert a bacteriocidal effect, the 
relatively high PAA concentrations in the autoclave- treated samples 
30 do not appear to lead to dramatic inhibition of respiration. 



Conclusion: Wet oxidation of PAA- containing waste water using short 
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holding times and relatively . low temperatures leads to a liquid which 
can be satisfactorily biodegraded. 

EXAMPLE 2 

Autoclave treatment o f sewage sludge from a municipal purification 
5 plant, 

2.1. Object 

To produce a sterile, odourless product from which it is easy to 
drain off ^e water. 

2.2. The starting material 

10 Thick, dark grey-brown^ malodorous sludge from a Danish municipal 
purification plant. 

1.3.. Experimental conditions and results 
2.3>1. Au toclave experiments 

Procedure : the sludge was ^subj.ected to wet oxidation at three chosen 
15 temperatures, 130*C, 165'C and 200*C; An anaerobic experiment was 

also carried out for comparison (pxire N2) • It was considered feasible 
to treat the sludge in an \mdiluted condition. The autoclave was half 
filled (960 ml). The COD value was reported as being approx. 
40000 mg O2/I, corresponding to approx. 30 atm ©2 in the gas phase. 
20 A pressure of 30 atm O2 was therefore employed in all the 

experiments with the exception of the anaerobic experiment, where t^e 
free gas volume of the autoclave was flushed three times with N2. The 
various temperatures were maintained for 10 and 25 min. , 
respectively. The heating and cooling phases were as for the 
25 experiments with industrial waste water (Example 1) . 



Results : the results are shown in Table 2a. 
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TABLE 2a „ . 



N2 02(atm) Temp. 



5 



10 



1 


anaerobic 




165^*0 


25 


min. 


2 




30 


130 


10 


min. 


3 




30 




25 


min. 


4 




30 


165-C 


10 


min. 


5 




30 




25 


min. 


6 




30 


20O'C 


10 


min. 


7 




30 




25 


min. 



After treatnnent the dry -matter content, ignition residue, COD, BOD, 
and pH were determined. It was qualitatively apparent that the 
15 treated sludge was lighter in colour, sedimented better, and that 
the smell decreased with increasing temperature of the oxidative 
treatment. After treatment at 200*C the smell had almost disappeared, 
whereas after the anaerobic treatment at 165 ''C it seemed to be even 
worse than before treatment. The results are shown in Table 2b. 
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TABLE 2b 





Dry 


Ignition 


Loss on 














i ffnit ion 


COD 


BOD 




No. 


sAs 


sAg 


gAg 


mg/1 


mg/1 


pH 


1 


41.0 


12.0 


29.0 


46900 


7000 


5,7 


2 


35.8 


13.1 


22.7 


45100 


8500 


5.4 


3 


46.6 


13.9 


32.7 


47200 


7500 


5.1 




41,9 


11.9 


30.0 


45600 


11600 


4.4 


5 


42.3 


13.0 


29.3 


44100 


10400 


3.9 


6 


30.2 


9.4 


20.8 


30800 


8700 


4.0 


7 


22.6 


8,0 


14.6 


25000 


9500 


4,5 


Untreated sludge 


e- 




53500 







It is clear from the results in Tables 2a and 2b that a significant 
reduction in COD occurred above 165*C. In the case of BOD there vas 
an increase at 165 "C (but not in the anaerobic experiment), which 
20 nnist be ascribed to an increase in the biological degradability after 
the oxidative treatment. 

2.4 Biodegrada bilitv of organic material in the autoclave -treated 
sludge 

Procedure ! The effect of four samples of sewage sludge which had been 
25 treated in the loop -autoclave (as specified in section 2.3.1. above) 
on the respiration of the microorganisms present in the active sludge 
(see Example 1, section 1.4) was investigated. 50 ml samples of 
treated sewage sludge were used, and the procedure was otherwise as 
described in Example 1, section 1.4. 

30 Results : The results are siimmarized in Table 2c. 
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Sample 
Expt. No, 



Treatmen t: conditions* 



Temp./'C time/min. 02-pressure/atm. 



4 


165 


10 


30 


1.43 


5 


165 


25 


30 


1.0 


6 


200 


10 


30 


0.53 


7 


200 


25 


30 


0.67 



10 



* See Table 2a 

** Defined as in Example 1, Table le. 

Remarks : The results clearly indicate that a treatment temperature of 
leS'^C leads to significantly better inhibition results than a 
15 temperature of 200^0, and that the shorter treatment time also leads 
to inhibition results vhich are comparable to or better than those 
obtained following the longer treatment time. 

Conclusion: Wet oxidation of sewage sludge using short holding times 
and relatively low temperatures leads to a material which can be 
20 readily biodegraded. 

EXAMPLE 3 

/^ titPGlave treatment of soil f i-om the site of a chemical plaTit 
producinp ; l^sectides. 



3.1. Object 



25 



The object was to destroy DDT, 4.chloro.2-methylphenol(in the 
following abbreviated as chlorocresol) , and parathion which had 
accumulated in the soil as a result of previous industrial activity. 



40 



3.2. The soil material 

Soil samples were takeh» using an earth auger » from two localities on 
the site where pollution should, according to a previous 
investigation, have been considerable. The samples, denoted A and B 
in the following, were divided into lengths of about 1 m. The 
material was mostly stiff, chalky clay containing an appreciable 
quantity of stones. The material near the surface also contained 
gravel, presximably added artificially. 

3.2.1- Initial experiments 

The samples were dried at 105 "C, crushed, and sieved in order to 
remove stones and gravel of size > 0.75 mm. A 40 g sample was 
subjected to Soxhlet extraction with 150 ml of acetone/hexane (80:20 
v/v) . The volume of the extract was reduced to 25 ml by evaporation, 
and it was then transferred quantitatively to a separating funnel by 
rinsing first with 100 ml of water and then with 50 ml of 
dichlorome thane. After shaking, separating the phases and extracting 
with a further 50 ml of dichloromethane , the combined 
dichlorome thane phases were dried with anhydrous Na2S04, evaporated 
to dryness, and the residue was dissolved in hexane for quantitative 
analysis by gas chromatography* 

Analyses were carried out for the above-mentioned three 
characteristic compoxinds, viz. 1) DDT, 2) chlorocresol and 3) 
parathion. However, no clear evidence for the presence of any of 
these was obtained; even though modifications in the analysis 
technique would probably lead to better results, the amounts of the 
compounds were so close to the detection- limit that it would be 
. difficult to determine to what extent they were removed by the 
autoclave treatment. It was therefore decided to artificially 
increase the sample content of each of these compounds individually. 
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3.3. ExPAglmental condi tions and results 
3 3.1, Exnerlinents with DUX 

i;>rocedure : To 80 g of dried soil sample was added a solution of 0.36 
mg of DDT in sufficient ethanol to moisten the entire sample (ca. 20 
5 ml). The sample was then dried at 105*C. Since it was later found 
that DDT is converted to DDE at this temperature, sample drying in 
subsequent experiments was carried out at room temperatvire in vacuum. 

The wet oxidation (autoclave treatment) was carried out in the 
above -described loop autoclave. A suspension of 80 g of DDT- 
10 enriched sample in 1 litre of water was heated to 280*0 for 25 min 

under an initial oxygen pressure of 6 bar (it was originally planned 
also to try temperatures of 200^*0 and 240*'C, but since decomposition 
. of DDT at 280*0 was inadequate this was regarded as a waste of 
time). 

.15 After the autoclave treatment the suspension was filtered. The 

filter-cake was dried at room temperature in vacuum and a 40 g sample 
was subjected to Soxhlet extraction as in the initial experiments. 

Results : After drying at 105'C, a large proportion of the DDT was 
fotmd to have been converted to DDE [l,l-bis(4-chlorophenyl) -2,2- 
20 dichloroethene] . This is presumably due to reaction with . chalk 

(CaCOj) present in the soil sample: the conversion of DDT to DDE 
involves the release of HCl (1 mol per mol) which would react readily 
with chalk. 

On drying at room temperature instead of 105 'C no DDE was found; 
25 however, a large proportion of the added DDT could not be accounted 
for. After autoclave treatment at 280*0 all DDT was converted to DDE 
- the amount of DDE found corresponded to the DDT content of the 
starting material. No other conversion products could be identified 
with certainty, and DDT was not detected in the filtrate. 
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3.3.2. Experiments with chlorocresol 



Procedure : Using the procedure described for DDT (section 3 .3 .1. , 
above) , chlorocresol was virtually undetectable; this is due to the 



volatility of the compound and its solubility in water. The method 
5 was then modified as described in the following, after which 
satisfactory results were obtained. 

Two samples, one with a high content of clay (A, 2.0-3.0 m) and one 
with a higher content of gravel (B, 0,1-0 ,5 m) were wet-sieved (mesh 
size 0-75 mm) and suspended in water (1 litre of water per 100 g of 

10 soil sample). An ethanolic solution of chlorocresol (0.72 mg in 4 ml 
per 100 g of soil sample) was then added to each stispension, and a 
portion of each of the resulting mixtures was allowed to stand at 
room temperature. Other portions (100 g soil san^Ie in 1 litre of 
water) were treated in the autoclave at 200* C, 240 and 275 "C, 

15 respectively, for 25 min. under an initial oxygen pressure of 6 bar. 

The pH of the various portions was adjusted to 4.5 with 6 M HCl, and 
they were then filtered through a Buchner ftannel. The filtrate (D) 
was kept for subsequent analysis. 

Instead of drying the moist filter-cake (C) it was Soxhlet extracted 
20 with 150 ml of acetone/dichlorome thane (80:20 v/v) ; the weight of the 
sample was determined afterwards. The extract was concentrated to a 
volume of 25 ml by evaporation, and transferred qiiantitatively to a 
separating funnel by rinsing first with 100 ml of water and then with 
50 ml of dichloromethane. After shaking, separating the phases and 
25 extracting with a further 50 ml of dichloromethane,. a known amotxnt of 
4*chlorophenol was added as an internal standard to the coznbined 
dichloromethane phases, which were then dried with CaCl2* After 
concentrating the solution to 1 ml by evaporation, the sample was 
silylated with 1 ml of the following reagent: 



30 5 ml of pyridine, 1 ml of hexamethyldisilazane and 0.5 ml of 
trimethyichlorosilane . 
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The sample was kept in an oil-bath at 80»C for 30 min. and then 
analyzed by GCMS , measurements being made for two ions which are 
characteristic for 4-chlorophenol and chlorocresol , respectively. 

A solution of 200 m1 of 4.chlorophenol in-hexane was added to the 
5 filtrate (D) , which was then allowed to stand overnight. It was then 
made alkaline with NaOH and the resulting precipitate (consisting in 
part of CaC03) was allowed to settle. The liquid phase was 
transferred to a separating fiinnel by decantation and washed with 
dichlorome thane. After separation, the dichl or ome thane phase was 
10 discarded. The aqueous phase was acidified and reshaken with 

dichlorome thane ; the analysis procedure was then as described above 
for the filter-cake (C) . 

Results : Chlorophenols are degraded extensively by wet oxidation, 
the largest fragments being CH3COOH and HCl. It was therefore 
15 regarded as sixfficient to analyze for possible remaining 

chlorocresol. The amounts found (in per cent of the added amounts) 
are shown in Table 3a, 



TABLE 3a 





Chlorocresol/ X 
Filter-cake (C) 


Filtrate (D) 


Untreated 


10/10* 


90/90* 


200"C 


«0 


33/21* 


240 


0 


0 


275»C 


0 


0 



* Samples B/A 



3.3.3. Experim ents with parathion 

30 Procedure : As for chlorocresol, suspensions of ca. 100 g of soil 
sample A in 1 litre of water were each treated with 4 ml of a 
solution of parathion in hexane (180 mg/1) . Since parathion was 
expected to be easily degraded, autoclave treatment was first carried 



PCTADK88/00024 

WO 88/06144 ' . 

44 

out at 200 for 25 min, under an initial o^^gen pressure of 6 bar; 
in subsequent experiments temperatures of 240'C and 280' G were also 
employed. The suspensions were filtered directly, and the filter-cake 
and filtrate were treated in the same way as described for 
5 chlorocresol. 

Results ! The p -nitr ophenol moiety of parathion contributes about 
half of the molectalar weight. The addition of 0.72 mg of parathion to 
1 litre can therefore give rise to a maximxim of ca. 0.36 ppm of p- 
nitrophenol. The solubility of p-nitrophenol resembles that of 
10 chlorocresol, and the compotmd was therefore sought in the filtrate. 
The analysis was performed using liquid chromatography and 
Identification by UV spectrophotometry. The results are shown in 
Table 3b. 



15 



TABL£ 3b 















Untreated 


200 -C 


240 


280 'C 


Parathion 


0.45 


0 


0 


0 


p -nitrophenol 


0.04 


0.12 


0.14 


0.04 



On the basis of the experiments carried out it could not be 
established whether the 0.04 ppm found in the untreated sample were 
derived from added parathion, or from parathion present in the soil 
25 at the time of sample- taking or present in the water from the 
laboratory water deionising plant. * 

It can, however, be seen that p-nitrophenol is formed on heating to 
200 "C and that it first decomposes significantly at temperatures 
over 240" C. 



30 



ca. 60X of the original amount of parathion was f oxmd in^ the 
untreated sample, whereas the treated samples contained a maximum of 
1-5X. 
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EXAMPLE 4 

/Viitroclavft t;reatnnent: of so i l from a now disused gas -works .jn 
Copenhagen. 

Object , - 

The object was to destroy polycyclic aromatic hydrocarbons (PAH) 
which are the main constituent of the organic material present in 
gas-works soil. Benz (k) fluoranthene and benz(a)pyrene were chosen as 
indicators for PAH. 



4.2. The soil ma terial 

10 In taking samples, as much slag- containing and tarry material as 

possible was included. Iron ore (ferric oxide) could also be present; 
however, the actual content of soil in the normal sense of the word 
was probably very low. The general impression was of a black, coarse, 
slightly moist mass smelling strongly of gas-works. 

15 4-3. Experimental conditi ons and results 

The material had a consistency like moist gravel, with lumps of 
varying size. Before autoclave treatment it was crushed to a 
particle size of less than 1.3 mm, and analytical samples were taken 
for determination of water content and content of PAH. 



20 



Autoclave experiments: in all the autoclave experiments, 100 g of 
crushed soil material (calculated on the basis of dry weight) in 1 
litre of water, or water to which base had been added (as specified 
below), was treated at 260*C. 
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25 min. , 10 atai 

filtrate yellowish, slightly grey-green, pH 2.15, smell 
altered but still slightly tarry. Much C62, possibly no O2- 



excess • 



5 2) 



3) 



10 



4) 



15 



60 min. , 20 atm O2, 30 g NaOH: 

filtrate darkbrown, difficult to filter. Smell still 
organic, pH 8.6. O2- excess small. 

60 min. , 30 atm O2, 30 g Ca(0H)2: 

filtrate straw-yellow, reasonably easy to filter, smell 
almost like humus, pH 6.5, large 02-excess. 

The results of the third experiment (above) looked 
satisfactory, but a shorter duration of treatment was 
desirable. A new experiment was therefore carried out 
using 30 min. treatment time, 30 atm O2 and 30 g Ca(0H)2- 
The filtrate was like that in Experiment 3) . but the pH was 
9.8, possibly because the material was inhomogeneous . 



TABLE 4a 



Wiater content in the sample subjected to extraction (X) 



20 Untreated Treated 1) 2) 3) 4) 



13 28.6 25.1 33.7 28.0 



Analysis for PAH : Treated and untreated samples were subjected to 
25 Soxhlet extraction with toluene, and the crude extracts were 

analysed by high performance liquid chromatogrophy (HPLC) with 
.fluorescence detection. 
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The analytical method was chosen on the basis of the following 
criteria: 

1) the method is sensitive and specific for the two PAH 
benz(k)fluoranthene (BkF) and benz(a)pyrene (BaP) which were 

5 chosen as PAH indicators. 

2) The method requires a minimum of sample pretreatment . 

BkF and BaP are suitable as indicators in this type of investigation 
because BkF is one of the most stable of the more prevalent PAH and 
BaP is one of the most reactive, both compounds being regarded as 
10 carcinogenic. 

The determination of BkF and BaP i the PAH fraction obtained by HPLC 
fractionation of portions of crude extracts of an untreated and a 
treated sample, respectively, confirmed the usefulness of this 
method for the crude extracts. The results for BkF and BaP. and the 
15 similarity between the chromatograms for the fractionated samples 
and the crude extracts also indicate: 

1) that PAH are the main constituents of POM (polycyclic organic 
material) in the soil, 

2) that it is reasonable to focus on PAH alone, and 

20 3) that PAH are either totally degraded on autoclave treatment or 
converted to water-soluble compounds. 

It should also be mentioned that the high content of BaP and BkF in 
the untreated soil, together with the ratio of BaP to BkF, indicate 
that PAH are converted only slowly in soil. 



25 Results : the results are shown in Table 4b. 
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TABLE 4b 

Content Cppm) of benz(a)pyrene and benz(k)£luoranthene in soli 





ExDeriment No. 








Compound 


6* 


1) 


2) 


;3) 


4) 


benz(a)pyrene 


45 


0.36 


0.18 


0.14 


0.22 


betiz (k) fluoranthene 


25 


1.6 


1.1 


0.20 


0.36 



10 * Untreated soil 

A- 4. Btodegradabllltv of organic material present in the ftltxrat^ 
after autoclave treatment 

Procedure : the effect of variolas dilutions of the filtrates obtained 
after autoclave treatments 1), 2) and 3) (see section 4,3. above) on 
15 the respiration of the microorganisms present in a typical active 

sludge used in biological pxirification plants was investigated. The 
following £iltrate dilutions were employed: 

ir dilution: 2.5 ml filtrate + 247.5 ml distilled water 

50 ml active sludge 
20 1.5 ml 5X glucose solution 

1.5 ml nutrient solution 

lOX dilution 10 ml filtrate + 90 ml distilled water 

20 ml active sludge 
0.6 ml 5X glucose solution 
25 0.6 ml nutrient solution 
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25 ml filtrate + 25 ml distilled water 

10 ml active sludge 

Q.3 ml 5X glucose solution 

0-3 ml nutrient solution 



lOOX dilution 



50 ml filtrate 

10 ml active sludge 

0,3 ml 5% glucose solution 

0.3 ml nutrient solution 



The following two controls, both containing the same relative amounts 
10 of components r were also used: 



Control 1: 



250 ml distilled water 
50 ml active sludge 
1.5 ml 5X glucose solution 
1.5 ml nutrient solution 



15 Control 2: 



100 ml distilled water 
20 ml active sludge 
0,6 ml 5% glucose solution 
0.6 ml nutrient solution 



The nutrient solution was prepared by mixing equal volumes of the 
20 four solutions a. b, c and d whose compositions are given below: 



8.50 g KH2PO4 
21.75 g K2HPO4 
27.72 g NaHP04, 2H2O 

1.70 g NH4CI 



in 1000 ml 



25 



b. 
c, 
d. 



22.50 g MgS04, 7H2O 
54,20 g CaCl2, 6H2O 
0.25 g FeCl3, 6H2O 



in 1000 ml 
in 1000 ml 
in 1000 ml 



Respiration (see Example 1, section 1.4) was monitored for periods of 
10 min. The measurements were performed in duplicate. 
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Results : the results are shown in Table 4c. 



TABLE 4c 



Filtrate 



pH 

Adjustment 



Filtrate Respiration 
dilution mg 02/l'niin. I.F. 



10 



15 



20 



25 



30 



1) 

Control 
1) 

Control 
2) 

Control 
2) 

Control 
2) 

Control 
3) 

Control 
3) 

Control 
3) 

Control 



NaOH to pH 7.8 50Z 

0 

NaOH to pH 7.8 100% 



HCl to pH 7.7 



HCl to pH 7.7 



HCl to pH 7.7 



IX 
0 

lOX 
0 

SOX 
0 
IX 
0 

lOX 
0 

lOOX 
0 



0,58 
0,48 
1.73* 
0.48 

0,78 

0.48 

0.66 

0.48 

0.0 

0.48 

0.52 

0.52 

0.57 

0.48 

0.47 

0.48 



«1.21 



«3.6L 



=1.63 



«1.38 



«0 



«1.0 



«1.2 



=1.0 



35 



*Inhibition factor <I»F) is defined as: 

respiration vith dil. filtrate 
respiration witti control 

** Oxygen was completely consxuaed after 3-4 min. , indicating a. 
higher I.F. 




wo 88/06144 



51' 



PCT/DK88/P0024 



For filtrate 1) it can be seen that the inhibition factor (I,F.) 
increased with increasing filtrate concentration (positive 
inhibition) . In the case of filtrate 2) , the inhibition factor 
decreased with increasing filtrate concentration and inhibition was 
5 complete with the 50X filtrate dilution. Filtrate 3) gave rise to no 
inhibition at any dilution, 

finnclusion : wet oxidation of PAH- containing soil using short holding 
time and a low partial pressure of oxygen leads to a filtrate which 
is readily biodegradable. 

10 EXAMPLE 5 

Attt-orilave treatment of chromium -polluted soil from a tanpeyy site, . 
5.1. Object 

To extract chromiijun from chromixim- polluted soil. 

5^2. The soj l material 

15 Soil samples were taken from the site of what was previously a 

tannery where chromixim pollution should be significant. The soil 
material consisted of stiff, chalky clay containing an appreciable 
quantity of small stones. 



20 



A series of chromium analyses was carried out on randomly chosen 
lumps of soil from ttie collected material: 
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2a 
2b 

5 3a 
3b 
4a 
4b 
5a 

10 5b 
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1157 ppm 
1168 ppm 
935 ppm 
1117 ppm 
1161 ppm 
1167 ppm 
1207 ppm 
1175 ppm 
1189 ppm 
1194 ppm 



52 



^ — mean - 1147 ± 78 ppm. 

5.3. Experimental conditions and results 

5.3.1. Experimental series 5,1. 

15 Treatment of chromitjm compoimds in basic solution and under oxidizing 
conditions leads to the formation of chromate ions, Cr04^' . The 
chromate ion has an Intense yellow colotir with a slightly greenish 
tinge at low concentrations (<200 ppm) . At higher concentrations the 
colour is bright lemon-yellow. 

20 As an initial experiment, a moist soil sample of 11.3 g, 

corresponding to 10.0 g of dry material, was treated with 100 ml of 
IQX NaOH, IX Na202- Th® temperattire was maintained at 80-90*" C for 
ca. 2 hours. This led to extraction of 7X of the chromium. 

The loop -autoclave, was then tised for extraction experiments. 



25 Table 5a gives the reaction conditions for these experiments. In all 
experiments, 100 g of dried, crushed and sieved material in one litre 
of liquid were used. The first experiments employed H2O2 and sodium 
hypochlorite as oxidizing agents; subsequent experiments employed O2 
from a cylinder, since O2 Is cheaper. Na2C03 or NaHC03 were preferred 

30 as bases, since they are cheaper than NaOH. 
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Experimental Conditions 



Expt. 
No. 



Oxidizing 
agent 



Other 
reagents 



Time/min, Teinp./'*^ 



10 



15 



1 
2 

3 
4 
5 
6 
7 
8 



3,5X H2O2 
3.5Z H2O2+ 

0.2X sodium hypochlorite 

0.2% sodium hypochlorite 

5.25% H2O2 

10 atm O2 

5 atm O2 

10 atm O2 

10 atm O2 



10% NaOH 


20 


200 


10% Na2C03 


20 


200* 


10 


200 


10% Na2C03 


20 


200 


10% Na2C03 


30 


200 


10% Na2C03 


30 


200 


2% Na2C03 


30 


240 


5% Na2C03 


30 


200 


10% Na2C03 


15 


ca. 165 



* Experiment 2 was carried out in two stages: initially with 3.5X 
H2O2 for 20 min. at 200*C, followed by cooling, removal of a sample 
and addition of sodium hypochlorite solution. The autoclave was then 
20 reheated to 200 "C and the experiment was terminated after a further 
10 min. 

** The experimental temperature was 200°C in all experiments. 
As the result of a thermometer error this temperature was not 
attained in Experiment 8. However, the temperature was estimated to 
25 be approx. 165'C. This -abortive" experiment is included here to 

illustrate the influence of temperature (possibly alsp the influence 
of treatment time) . 



Results : the results are shown in Table 5b, 
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TABLE 5b 



Extracted chromium <in ppm and X) 



15 



Expt. 


Filtrate (ppra Cr) 


Residue (ppm Cr> 


X Cr extr.'* 


1 


123 


107 


91 


2 


113 
121 


48 


96 


3 


67 


412 


64 


4 


118 


75 


93 


5 


104 


279 


76 


6 


138 


403 


65 


'7 


86 


415 


64 


8 


48 


805 


30 



* Based on analysis of the residue 

It can be seen from the results that of the various experimental 
conditions employed those of Experiment 2 were the optimum 
conditions . However, is to be preferred as oxidizing agent rather 
20 than H2O2 and hypochlorite- It also appears that Na2C03 
concentrations of less than lOZ are not advantageous. 

. 5-3.2 Experimental series 5.2 

In this series of * experiments an attempt was made to optimize the 
conditions with respect to liquid/solid ratio, O2 -pressure, and the 
25 use of Na2C03 contra NaHCO^. NaHC03 was tried since it dissolves 

silicates t;o a lesser extent (silicic acid could give problems in the 
work -up of the chromium- containing solution) . 



The experimental conditions are given in Table 5c, 
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TABLE 5c 

Reaction conditions. 



10 



Expt. 


Liquid/solid 


02/atm 


Carbonate 


1 


5:1 


10 


lOX Na2C03 


2 


5:1 


5 


lOX NaHC03 ~ 


3 


10:1 


5 


10% Na2C03 


4 


10:1 


10 


10% NaHC03 



The reaction time and reaction temperature were kept constant at 30 
min. and 240'C, respectively. 



Results : the results are given in Table 5d. 
TABLE 5d 



15 Extracted chromium (in ppm and X) 



Expt. Filtrate (ppm Cr) Residue (ppm Cr) X Cr exl:r.* 

(normalised) 



20 1 122 115 90X 

2 99 373 67X 

3 100 ^ 219 81X 

4 114 257 78X 



25 * based on analysis of the residue. 

It can be seen from the results that Na2C03 dissolved more chromium 
than NaHC03, This suggests that an appreciable amount of chromixim is 
incorporated in the silicate lattice and is first liberated on 
treatment with a strong base. 
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It can also be seen that a pressure of 10 atm O2 is preferable to 5 
atm whereas the liqxiid/solid ratio has no great significance. The 
conditions in Experiment 1 were therefore optimum; it might even 
anticipated that a temperature of 200 "C would be sufficient. 

5 5.3- Work-up of ch Tomium- containing solutions 

Initial attempts were made to reduce Cr04^" with hydroxy lamine , Fe 
powder i Al powder and PeS04, respectively. The best reduction was 
obtained with Al powder but since this required a very large excess 
of Al as well as boiling of the solution, the method must be regarded 
10 as uneconomical. FeS04 gave no detectable reduction. 

Traditional precipitation of CzO/J^' with e.g. Ba^^ or Pb^"*" could not 
be employed since . carbonate in the solution would also be 
pr ecip Itated . 

Ion- exchange on an anion exchanger was also attempted but as also 
15 observed previously, Na2C0 3 concentrations of >0.5Z prevent binding 
of Cr04^" to the anion exchanger - 

The most promising results were obtained \ising liqxiid- liquid 
extraction. Chromium in carbonate- containing solution can be 
extracted using, aliquat 336, from which chromium can be stripped 
20 with NH4CI in ammoniacal solution. 

5.4. Leaching experiments 

Since the filtration properties of the suspension were poor when the 
suspension was washed on the filter, washing with the aid of 
sedimentation was tried. The degree of leaching was investigated at 
25 the same time. 

Method: A portion of 133.7 g of wet filter-cake, corresponding to 
82.2 g of dry-matter (not washed on the filter) was suspended in ca. 
250 ml of distilled water in a conical flask. The total volume of the 
siispension was ca. 300 ml.. 
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The flask and contents were placed in an automatic shaker. After 
shaking for 24 hours the flask was allowed to stand to allow the 
contents to sediment and the clear solution was withdrawn. A new 
volume of distilled water was added to give a total volume of ca. 300 
ml and the entire procedure was repeated. A total of 3 such washing 
cycles were carried out. After each wash the sedimentability was 
observed and the chromium content of the washings was determined. 



Results: the results are shown in Table 5e. 



TABLE 5e 



10 


Wash 


0* 


1 


2 


3 




Total washing voliimfe ml 


51.5 


300.7 


306.7 


330.5 




Withdrawn ml 


0 


155 


170 


155 


15 


Sedimentability 




good 


poor 


very poor 




Na2C03 X 


10,0 


1.71 


0.81 


0.37 




Dilution factor 




5.84 


2.12 


2.21 




Expected Or ppm 


198 


33.9 


15.3 


6.9 




Foimd Cr ppm 


198 


33 


17 


7.6 


20 


Leached Cr X 




97,4 


111 


110 



*Filter-cake 



Example of calculation: Expected Cr (wash 1) : 



300.7 

Dilution factor - 

51.5 



198 

^^expected - - 33.9 

5.84 
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The sedimentabiltty was observed to decrease with decreasing ionic 
strength. One would expect to have to use a minimxim Na2C03 
concentration of 1,5X in order to obtain reasonable sedimentation. 



Nevertheless, all accessible chromiism was leached. The degree of 



5 leaching was greater than lOOX in the last two washing procedures , 
which might imply that "insoluble" chromium present after the 
autoclave treatment is rendered potentially soluble. 



which had been stibjected to a standard washing procedure confirm this 
10 possibility. 

5.5. Shaker Experiments 

To three flasks each containing 15 g of dried and washed residue (75 
ppm Cr) were added 150 ml of 0.05 N H2SO4, 0,05 N CH3COOH and 
distilled water, respectively. Samples of 10 ml were withdrawn at 
15 regular intervals. In order to keep the liquid/solid ratio constant. 

10 ml of a 0.75 N solution of the appropriate acid or water was added 



Corresponding leaching experiments carried out with a dried residue 



each time a sas^le was withdrawn. 



The samples were analysed for Cr. 



Results ! the results are shown In Table 5f . 
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TABLE 5£ 



10 



15 



Days 


ppm Cr (pH) 






H2O 


CH3COOH 


H2SO4 


1 


1.1 (9.11) 


0.5 (6.31) 


0.6 (7.10) 


2 


1.4 (9.97) 


0.6 (6.20) 


<0.2 (5.10) 


3 


1.2 (9.78) 


0.4 (5.82) 


<0.2 (7.10) 


4 


1.2 (9.86) 


0.4 (6.30) 


<0.2 (4.31) 


7 


1.4 (9.68) 


0.3 (7.13) 


<0.2 (7.48) 


8 


1.0 (9.68) 


0.4 (6.06) 


0.2 (4.83) 


9 


1.3 (9.48) 


0.4 (6.07) 


0.5 (4.24) 


10 


1.5 (9.03) 


0.4 (6.64) 


0,3 (3.55) 



20 



It can be seen that the solubility decreased with decreasing pH 
(increasing acid strength). Cr was most mobile in H2O; the high pH 
was due to the pre- treatment with Na2C03. It appears that an 
equilibration occurs as long as there is sufficient Cr remaining in 
the residue, since the concentration of Cr remained almost constant 
in spite of dilution. 



A corresponding experiment using starting material (soil) suspended 

in H2O led to no release of Cr whatsoever (within the limit of detection) 
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CLAIMS 

1. A method for treating polluted material such as industrial waste 
water or polluted water from other sources , sewage or sewage sludge 
or other forms of sltxdge, or polluted soil, to degrade oxidizahle 
5 substances therein, comprising subjecting the polluted material to a 
wet oxidation process in a reactor so as to decompose and/or modify 
oxidizable substances therein and optionally improve the 
filterability of solids when present in the material,, the material 
optionally being pretreated so as to facilitate the wet oxidation 

10 process, the wet oxidation process being performed to such an extent, 
optionally with subsequent substantial removal of heavy metals, that 
the decomposed and/or modified substances remaining after tiie wet 
oxidation and the optional removal of heavy metals are substantially 
biodegradable, if necessary separating the material into a solid and 

15 a liquid phase, and optionally subjecting the material or the liquid 
phase to a biodegradation process. 

2. A method according to claim 1, wherein t^e polluted material is 
soil, e.g« soil polluted with oil and/or chemicals. 

3 . A method ^ according to claim 1 or 2, wherein the wet oxidation is 
20 performed in a substantially horizontally arranged reactor, 

4. A method according to claim 3, wherein the reactor comprises a 
txibe or a number of interconnected tubes, the reactor preferably 
being a plug flow tubular reactor. 

5. A method according to any of claims 1-4, wherein thp polluted 

25 material is in the form of a liquid suspension, preferably an aqueous 
suspension, when subjected to the wet oxidation. 

6. A method, according to claim 2 or 5, wherein the concentration of 
solids in the liquid suspension is in the range of 10-60Z 
(weight/volume) , preferably 20-60Z, more preferably 30-60X, still 

30 more preferably 40r60%, e.g. 40-551, especially 45-55Z, and most 
preferably about 50%. 
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7. A method according to claim 6, wherein the size of substantially 
all of the solid particles in the suspension is at the most about 
2 mm, preferably at the most 0.75 mm, more preferably at the most 
0.5 mm. e.g. at the most 0.2 mm, especially at the most 0.150 mm. 

5 8. A method according to any of the preceding claims, wherein the wet 
oxidation process is performed either by means of an oxidizing agent 
or oxidizing agents added to the material prior to its introduction 
into the reactor, or by means of an oxidizing agent or oxidizing 
agents added to the material in the reactor, optionally at various 

10 positions in the reactor, or by means of a combination of an 

oxidizing agent or oxidizing agents added prior to the introduction 
of the material into the reactor and an oxidizing agent or oxidizing 
agents added to the material in the reactor, and the material in the 
reactor is subjected to conditions sufficient to result in the 

15 decomposition and/or modification of oxidizable substances in the 
material and optionally improve the filterability of the material. 

9. A method according to claim 8, wherein the material in the reactor 
is first heated in a heating zone of the reactor to a temperature 
which is sufficient for initiating the decomposition and/or 

20 modification of oxidizable substances in the material, then 

maintained in a reaction zone of the reactor at a temperature at 
which the decomposition and/or modification proceeds, for a 
sufficient time to secure that the decomposed and/or modified 
substances remaining after the wet oxidation and the optional removal 

25 of heavy metals are substantially biodegradable, and then cooled in a 
cooling zone of the reactor. 

10. A method according to claim 8 or 9, wherein the oxidizing agent 
comprises an oxygen- containing gas, preferably a gas containing more 
than 20Z of oxygen by volxime, preferably more than 50%, more 

30 preferably more than 70X, and most preferably more than SOX, e.g. 

100% of oxygen by volume, the gas preferably being introduced in an 
amount corresponding to an oxygen amount of at least lOOX, preferably 
an amount in the range of 105-200X, in particular about 110-160%. 
such as 110-130%. e.g. 110-120%. calculated on the COD value of the 

35 material to be treated. 
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11. A method according to claim 9 or 10, wherein the oxygen- 
containing gas is introduced into the reactor through an inlet or 
through several inlets located at difler.ent posi1:ions in the reactor. 

12. A method according to claim 8, wherein the oxidizing agent 

5 comprises hydrogen peroxide, a percarbonate , a peroxodisulphate , a 
permanganate, a peracetate, a hypbchlorite , chlorine or ozone, 
optionally in combination with an oxygen- containing gas as stated in 
claims 9*11, the oxidizing agent preferably being introduced in a 
total amount corresponding to an oxygen amount of at least 1002 , 
10 preferably an amount in the range of 105-200X, in particular about 
110-160%, such as 110-130Z, e.g. 110-120%. calculated on the COD 
value of the material to be treated. 

13. A method according to any of claims 8-12, wherein a pH- 
regulating agent is added, the pH- regulating agent preferably being 

15 a base, e.g. an alkali metal hydroxide, carbonate or bicarbonate, or 
an alkaline earth metal hydroxide, carbonate or bicarbonate, or 
ammonia, or an, organic base. 

14. A method according to any of claims 8-13 ^. whei;ein an oxidation 
catalyst is added, the catalyst preferably comprising a manganese (IV) 

20 or cerium(IV) compound or a combination thereof. 

15. A method according to ai^ of claims 4-14, wherein the flow of the 
suspension through the reactor is a substantially continuous flow, 
preferably a continuous turbulent flow, e.g. a flow having a Reynolds 
nxunber of at least 10,000, preferably at least 20,000, more 

25 preferably at least 30,000, and preferably at the most 100,000, more 
preferably at the most 80,000, most preferably at the most 60,000. 

16. A method according to claim 15, wherein the flow rate of the 
suspension is in the range of 1.2-2.2 m/s, e.g. 1.4-2.0 m/s, 
preferably in the range of 1,7-1.8 m/s. 

30 17. A method according to any of claims 3-16, wherein the holding 
time under oxidizing conditions in the reactor is in the range of 
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5-6P min. , e.g 



10-50 min., preferably 20-AO min. and most preferably 



about 30 min. 

18. A method according to any of the preceding claims., wherein the 
wet oxidation is performed in a reactor comprising a substantially 

5 horizontal tube or a nxanber of substantially horizontal tube 

sections, the wet oxidation being performed at a temperattnre in the 
range of 150-300**C, preferably 200-260"C, in the presence of an 
oxidizing agent which is added through one or several inlets in an 
amount which is at least sufficient to. and preferably in excess of 
10 the theoretical amount needed to decompose the oxidizable substance 
to the low molecular weight organic compounds « 

19. A method according to claim 18, wherein the polluted material is 
in the form of a suspension which is passed through the reactor in a 
substantially continuous turbulent flow, e.g. a flow. having a 

15 Reynolds number of at least 10,000. preferably at least 20,000, more 
preferably at least 30,000, and preferably at the most 100,000, more 
preferably at the most 80,000, most preferably at the most 60,000. 
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